O planejamento fatorial fracionário e com ponto central foram aplicados no desenvolvimento de um biossensor amperométrico para determinação do vírus da hepatite C. As biomoléculas foram imobilizadas por adsorção em eletrodos de grafite modificados com filme sol-gel preparado com matriz híbrida siloxano-poli(propileno-óxido). Diversos parâmetros foram otimizados, tais como a concentração da estreptavidina em 0,01mg mL -1 e albumina de soro bovino em 1,0%, o tempo de incubação dos eletrodos de 30 minutos na solução do DNA complementar e a diluição do conjugado avidina-peroxidase em 1:1500, entre outros. A aplicação de estudos quimiométricos mostrou-se eficiente, pois as melhores condições foram estabelecidas com um menor número de experimentos, além de apontar quais os fatores exercem maiores influências sobre o sistema.
Introduction
Hepatitis C is caused by a virus from the genus Hepacivirus, which is part of the Flaviciridae family and whose genome is composed of a single-stranded RNA. According to the World Health Organization, approximately 170 million individuals worldwide, 3.2 million in Brazil alone, are infected with the hepatitis C virus (HCV). The disease rarely provokes symptoms, acts quietly and there is no vaccine available and so hepatitis C is one of the most serious problems to public health. 1 The diagnosis of hepatitis C is rarely made during the acute phase of the disease because the majority of people infected experience no symptoms during this phase of the disease. Those who do experience acute phase symptoms are rarely ill enough to seek medical attention. The diagnosis of chronic phase hepatitis C is also challenging due to the absence or lack of specificity of symptoms until advanced liver disease develops, which may not occur until decades into the disease.
2 Diagnostic tests for hepatitis C can be divided into two general categories: (i) serologic assays and (ii) molecular nucleic acid testing methods. Hepatitis C testing begins with serological blood tests used to detect antibodies to HCV. Enzyme immunoassays (EIA) are the most prominent form of testing and these are considered to be highly sensitive indicators. While performing supplementary or confirmatory tests, recombinant immunoblot assay (RIBA) and line immunoassay (LIA) are also widely used.
3 Anti-HCV antibodies indicate exposure to the virus, but cannot determine if ongoing infection is present. All persons with positive anti-HCV antibody tests must undergo additional testing for the presence of the hepatitis C virus itself to determine whether current infection is present. Virus presence is tested using "Molecular Nucleic Acid Testing Methods" such as polymerase chain reaction (PCR), transcription mediated amplification (TMA), or branched DNA (b-DNA). HCV viral load is an important factor in determining the probability of response to interferonbased therapy, but does not indicate disease severity or the likelihood of disease progression.
2
Recent engineering advances have enabled the development of electrochemical DNA biosensors with molecular diagnostic capabilities. 4 Electrochemical DNA biosensors offer several advantages compared to alternative molecular detection approaches, including the ability to analyze complex body fluids, high sensitivity, compatibility with microfabrication technology, a low power requirement, and compact instrumentation compatible with portable devices. [5] [6] [7] The development of electrochemical transduction schemes for DNA bionsensor (so-called genosensors) has recently received increasing attention using photoelectrochemistry, potentiometry, and DNA-modified electrodes. In DNA biosensors, probes of single-stranded DNA of known sequence are immobilized at the transducer surface. When contacted with the sample solution, the DNA probes preferentially hybridize with free DNA targets incorporating the complementary sequence.
DNA biosensors have been applied to disease detection and some examples are: Human Papilloma Virus (HPV), 8 hepatitis B 9,10 and hepatitis C. 7, 11 The biosensors consist of a biological component (enzyme, antibody, antigen, cell, tissue, nucleic acid, etc.) coupled to a suitable transducer, which converts a biological signal into an electrical signal. 12 Biosensors are devices able to identify a notable amount of biochemical constituents in complex samples without previous treatment of the matrices; 13 although there may be the necessity to amplify the amount of analyte, as is the case when DNA or RNA is evaluated.
The development of biosensor requires that several parameters be optimized, such as the type of immobilization, concentration of immobilized biomolecules, among others, thus increasing the number of experiments. In this sense, the application of statistical tools is very important, mainly to explore and analyze an increasing range of data and information from a system. Factors that have a significant effect on the system response are studied and optimized for the development of new analytical methods and the improvement or adaptation of methods previously established. The enhancement of sensitivity and selectivity along with the diminishing of parallel reactions bring optimizations such that the method is able to yield better results. Nowadays, techniques involving multivariate optimization are being applied in analytical chemistry [14] [15] [16] [17] because this methodology presents various advantages like the simultaneous optimization of all factors involved in the system by carrying out a smaller number of experiments; thus it is much less time consuming and especially important, much more efficient.
Among these techniques, the factorial design is classified as a simultaneous method, in which the variables of interest, which have a significative influence on the response of the system, are evaluated at the same time. Factorial design can be represented by b k , where k is the number of factors (or variables) and b is the chosen number of levels;
18 and two-level designs are very common. [19] [20] [21] [22] However, a large number of assays are necessary with an increasing k and it is uneconomical to conduct experiments that require 2 k possible treatment combinations. For this reason, a regular fractional factorial design is commonly used because the desired information can be obtained by performing a restricted number of experiments corresponding to a fraction of the assays used in a full factorial design, represented by 2
, where p is the size of fraction. 23 The most significant applications of the fractional factorial design have been used to discover the behavior of variables in complex systems and to evaluate the behavior of interferences in analytical methods. 24, 25 In many cases, the carrying out of authentic repetitions (replicates of all procedure steps, including the most elementary ones) can be inconvenient for many reasons. To minimize this problem and to obtain a good evaluation of errors, an experiment is usually included at the center point of the design, such that the mean level of all variables is employed. These experiments are known as center point (zero level) experiments. Therefore, it is possible to evaluate the effects or significance of coefficients, as is done in selection designs (full or fractional) by means of a response surface methodology.
In this context, the goal of this work is to apply statistical tools such as the fractional factorial design and factorial with center point design to the development of an amperometric biosensor for the detection of the hepatitis C virus. 
Experimental

Apparatus
Amperometric measurements were performed using a Potentiostat-Galvanostat EG&G model 263. A onecompartment cell having a working volume of 5.0 mL, a thin-film PPO-modified working electrode, Ag/AgCl reference electrode and a platinum wire auxiliary electrode were used for the experiments.
Immobilization of DNA probes
PPO films were deposited on the graphite electrode surface using a dip-coating process, involving 1 dip at a lifting speed of 100 mm min -1 . All electrodes were allowed to dry at 4 °C in a refrigerator for 24 h. After this, the electrodes were washed thoroughly before use in 0.1 mol L −1 phosphate buffer solution at pH 7.0 and dry stored at 4 °C. 7 Sequentially, the confection of the amperometric biosensor was developed, as illustrated in Figure 1 . The methodology consisted of six main steps: the streptavidin (STA) was immobilized on the PPO film, the modified electrode surfaces were blocked using bovine serum albumine (BSA), the STA interacted with the biotinylated DNA (b-DNA) probes specific for the hepatitis C virus, the hybridization reaction occurs when the electrode is placed in contact with biotinylated complementary DNA (c-DNA), avidin-peroxidase labeling (a-HRP) was performed to indirectly detect the HCV and electrochemical measurements were performed using H 2 O 2 and 5-ASA as substrate and electron mediator, respectively. Incubation time for each compound may play an important role. After each of the steps -, the electrodes were washed to remove any unbound compound.
Results and Discussion
Fractional factorial design was applied in two stages. In a first step, the influence of the concentrations of the streptavidin and bovine serum albumin solutions, as well as the incubation times of the modified electrodes were studied and the pH value of the diluted streptavidin solution was evaluated using a 2 5-3 fractional factorial type design. In the second step, the dilution and the corresponding incubation time of the HCV-specific DNA probes (b-DNA), complementary DNA (c-DNA) probes and avidinperoxidase conjugate (a-HRP) were evaluated using a 2 fractional factorial type design. The levels applied for each factor are presented in Table 1. MINITAB software generated level combinations for all factors employed in the assays. Then, the sensor current was measured employing the controlled potential amperometric technique for each of these level combinations, which were obtained via chemometric strategies. The Pareto chart is the main analysis tool, indicating the factors responsible for the highest influence on the system. Figure 2 shows the Pareto chart for two fractional factorial designs discussed in this work. In the first set of experiments, displayed in Figure 2A , it was observed that the concentration of the immobilized STA on the electrode surface was the most important factor. Beside this, the BSA concentration had a significant influence on the system. The isoelectric point for STA is a value around 5-6. 26 So, according to Figure 2A , STA charge does not play an important role in its interaction with either the polymer film or the DNA. Incubation time of both STA and BSA has only minor influence on the system results.
The second fractional factorial design ( Figure 2B ) indicated the most important parameters. They were found to be the incubation time of the electrodes in the positive sample for the hepatitis C virus and the dilutions of the avidin-peroxidase conjugate. It can be seen that the system suffers lesser influence from the others parameters.
As the samples are biotinylated, if the amount of probe and STA on electrode surface is not optimized, they could interact directly with STA and the response would be false negative. Fractional factorial design is very important to optimize these parameters. The adsorbed STA on the electrode surface presented higher current intensities when its concentration was fixed at a low level, i.e. 0.010 mg mL -1 . This is an expected result due to the higher STA concentrations yielding a strong electrostatic interaction between its molecules, which affects the organization of adsorbed layer on the electrode surface. On the other hand, BSA blocking at high concentration (1.0%) gave a good current value, allowing a more effective blocking of the electrode surface. It was also possible to conclude that the difference between the current values obtained for high and low STA and BSA concentrations did not show any significant influence. However, the current values obtained for the c-DNA incubation time and a-HRP dilution showed notable differences. Therefore, a more specific study for the second fractional factorial design was necessary and then a fractional factorial with center point assay was performed. Values of the high and the low levels and the center point investigated are shown in Table 2 .
From the current values obtained in the experiments, a response surface graph and a contour plot were generated ( Figure 3) . Maximum response was observed close to the center point and each area of the contour plot corresponds to a particular height of the response surface graph. In each line, the response is constant.
Incubation time of the electrodes in the c-DNA solution is important, since this involves the recognition of nitrogen bases during the DNA hybridization. According to literature, it is from 2 min to 1 h depending on the assay format.
13 a-HRP dilution is also a special factor since this conjugate binds to the biotin-labeled DNA, which is hybridized to the target-specific DNA probe bound onto the electrode surface. Therefore, the fractional factorial design allowed us to fix several parameters to improve the performance of the DNA biosensor. These parameters were: (i) STA immobilization at 0.01 mg mL -1 in electrolyte at pH 7.0 for 30 min on the sol-gel modified-electrode surfaces; (ii) blocking of the electrode surface with 1.0% BSA using an incubation time of 30 min; (iii) adsorption of the biotinylated DNA probes at a dilution ratio of 1:80 (incubation time of 15 min); (iv) DNA hybridization using hepatitis C DNA samples (dilution 1:4, incubation time of 30 min); (v) the immobilization of the avidin-peroxidase conjugate (1:1500 diluted, incubation time of 15 min).
Conclusions
The use of the factorial design approach in the development of an amperometric biosensor for hepatitis C virus has several advantages, such as a reduced number of experimental runs, more information obtained and biosensor delineation, in which the biosensor response permitted the optimal experimental conditions to be determined. It was possible to determine the best concentration and incubation time for all biomolecules studied with this biosensor using the developed methodology. 
